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Abstract
The inner ear is one of the most complex and detailed organs in the vertebrate body and provides us with the
priceless ability to hear and perceive linear and angular acceleration (hence maintain balance). The development
and morphogenesis of the inner ear from an ectodermal thickening into distinct auditory and vestibular compo-
nents depends upon precise temporally and spatially coordinated gene expression patterns and well orchestrated
signaling cascades within the otic vesicle and upon cellular movements and interactions with surrounding tissues.
Gene loss of function analysis in mice has identified homeobox genes along with other transcription and secreted
factors as crucial regulators of inner ear morphogenesis and development. While otic induction seems dependent
upon fibroblast growth factors, morphogenesis of the otic vesicle into the distinct vestibular and auditory compo-
nents appears to be clearly dependent upon the activities of a number of homeobox transcription factors. The
Pax2 paired-homeobox gene is crucial for the specification of the ventral otic vesicle derived auditory structures
and the Dlx5 and Dlx6 homeobox genes play a major role in specification of the dorsally derived vestibular struc-
tures. Some Micro RNAs have also been recently identified which play a crucial role in the inner ear formation.
Review
Introduction
Imagine yourself at a symphony concert in the midst of
an exited audience, alone in permanent silence; silence
resulting from an inner ear defect. Or consider the feel-
ing after a whirling rollercoaster ride when your senses
are left “off balance”. The mammalian inner ear is a
complex structure functionally organized into auditory
and vestibular components that are responsible for
detecting and coordinating the senses of hearing, accel-
eration and balance. The mature mammalian inner ear
has two major components, the vestibular and auditory
organs. The vestibular organ senses balance and changes
in movement. It contains the three semicircular canals
that sense angular acceleration and the utricle and sac-
cule, both of which are responsible for sensing gravity
and linear acceleration. The auditory organ consists of
the coiled cochlea, which senses sound. Within both of
these organs a specialized sensory epithelium converts
mechanical actions into electrical potentials. These
epithelia contain sensory hair cells (HC) -mechanore-
ceptors that initiate action potentials in response to
sound or movement- as well as surrounding supporting
cells. Damage to this small population of hair cells is a
major cause of hearing loss. There are numerous other
cell types in the inner ear that are also required for the
mechanical, electrical, and structural aspects of hearing
and balance. Examples of such cell types are the non-
sensory supporting cells surrounding the hair cells [1],
those of the stria vascularis on the lateral wall of the
cochlear duct, responsible for the production of the
endocochlear electrical potential [2], and those of the
various membranes on which the sensory organs rest
and that separate the different compartments of the
inner ear. Over the years several gene mutations have
been identified resulting in deafness, impaired hearing
or vestibular dysfunction [3,4]. A better understanding
of inner ear development and its associated genomics
and proteomics will facilitate a better understanding of
the many causes of deafness and vertigo. Development
of the inner ear follows a theme common also to many
other anlagen of forming appendages (e.g. lens, teeth
and hair, Figure 1): (1) Ectodermal-/mesenchymal cross
talks lead to the initiation of a placode (Figure 1A); (2)
Invagination of the placode to form the otic cup or pit
(Figure 1B), and in mice and chick complete separation
from the surface ectoderm to form a drop-shaped otic
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ferentiation of the otocyst (Figure 1E). During all steps
of inner ear formation we reencounter well known criti-
cal regulators of vertebrate development, many of them
homeobox genes which carryout other roles in different
tissues of the organism. Interaction between all these
players has to be perfectly orchestrated along the three
major body axes (anteroposterior, dorsoventral and
mediolateral) to allow the formation of a structure as
complex and rich in detail as the inner ear. Hence “lis-
tening” to the symphony of developmental control genes
during inner ear development will contribute to our
understanding of the complex interaction of these key
performers in embryonic development in general.
The rhythm of the different genes
Like any philharmonic orchestra with many musicians
the development of the inner ear is a concerted effort of
many genes working in harmony to create a perfectly
balanced organ. One of the major groups of genes
w h i c hp l a yak e yr o l ei nt h ed e v e l o p m e n to ft h ei n n e r
ear is the homeobox gene family, characterized by their
180 bp homeodomain.
During vertebrate inner ear formation members of the
Pax paired-homeobox gene family (Figure 2A), mam-
malian homologs to the Drosophila Paired (Prd)g e n e
play a very crucial role. In vertebrates, there are nine
known Pax (Pax1-Pax9) genes that can be subdivided
into groups according to conservation of the paired box
sequence [5]. Mammalian Otx homeobox genes (Figure
2B) homologs of the Drosophila Orthodenticle (Otd)
gene that have shared developmental roles crucial for
specification and regionalization of the forebrain and
midbrain [6] also play a critical role in inner ear devel-
opment. Members of the Gastrulation brain homeobox
(Gbx) family (Figure 2B), a mammalian homolog of the
Drosophila Unplugged (Unp) gene and the Msx homeo-
box gene family members are homologs of the Droso-
phila Muscle segment gene are also important for
proper development of the inner ear. The three mam-
malian Msx genes have overlapping expression patterns
and possess diverse functions during embryogenesis by
Figure 1 Developmental milestones in mouse inner ear formation. Competence of surface ectoderm lateral to both sides of the hindbrain
(HB) precedes any cell morphology changes. (A) Thickening of surface ectoderm (SE) to form the early placodes (EP) which is primarily driven by
Fgf, Wnt and Pax genes. (B) Invagination of the otic placodes to form the otic pit (OP). (C) Further development and invagination of the otic pit
to form the otic cup (OC) which pinches off from the surface ectoderm. (D) The separation from the overlying ectoderm gives rise to the
otocyst (OT). (E) Subsequent morphogenesis to finalize the complex 3-dimensional labyrinth which is demarcated into vestibular and cochlear
components. Sensory epithelia are shown in blue. Abbreviations: Co, cochlea; ES, endolymphatic sac; HB, hindbrain; LD, lateral semicircular duct;
PD, posterior semicircular duct; POM, periotic mesenchyme; S, saccule; SD, superior semicircular duct; SE, surface ectoderm; U, utricle.
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Page 2 of 15Figure 2 Representative expression patterns of genes controlling cochlear and vestibular specification. (A) Shh functions to maintain
Pax2 and restrict Dlx5/Dlx6 in the medial wall of the otic vesicle in order to specify cochlear fate. Dlx5/Dlx6 specify the medial to dorsal most
cells of the otic epithelium that give rise to the endolymphatic duct and vestibular apparatus. (B) Secretion of Shh from the notochord specifies
the ventral most cells of the otic epithelium that express Otx1/Otx2 and possibly Pax2 which contribute to cochlear morphogenesis and
outgrowth. In addition, Dlx5/Dlx6-dependent vestibular specifications and morphogenesis is dependent upon the activation of Gbx2 and Bmp4
function (not shown) and partial activation/expression of Otx1. Dlx5/Dlx6 also functions to restrict Pax2 expression to the medial wall of the otic
vesicle epithelium. Thus, Dlx5/Dlx6 and Shh may functionally antagonize each other, through repression, to generate compartments of activities
that specify the vestibular and cochlear cell fates. (C) Both Hmx2 and Hmx3 are required for cell fate determination and subsequent
morphogenesis of the developing inner ear. Loss of both Hmx2 and Hmx3 results in the absence of the entire vestibular system. Msx1/Msx2 are
expressed in the adjacent periotic mesenchyme and are critical for middle ear development. (D) Fgfs function with Shh in the periotic
mesenchyme to initiate ventral otic capsule chondrogenesis via Brn4 and Tbx1 function (not shown). Fgfs are also expressed in the hindbrain
epithelium adjacent to the otocyst and are important for induction of the otic placode.
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interactions with transcriptional complexes or with
other homeodomain proteins (Figure 2C) [7,8]. There
are six known Six homeobox genes (Six1-Six6), they
are mammalian homologs to the Drosophila Sine oculis
(So) gene, which participate in an evolutionarily con-
served gene network consisting of Pax-Eye absent
(Eya)-Six-Dachshund (Dach) gene family members and
are expressed during the development of numerous
organ systems (Figure 2A) [9]. They interact with the
Eya family of proteins via protein-protein interactions
across a wide range of species during organogenesis of
a multitude of tissues [10-12]. Hmx homeobox genes
were first identified in humans and have homologs in a
number of species including Drosophila [13,14], zebra-
fish and medaka[15-17]. There are three known mam-
malian Hmx genes (Hmx1-Hmx3) that are also related
to the chick Sensory organ homeobox-1 (SOHo-1)g e n e ,
based on amino acid homology, and are expressed
throughout the developing central and peripheral ner-
vous systems (Figure 2C) (reviewed in [13,18,19]. And
last but not least, the Dlx homeobox genes are homo-
logs of the Drosophila Distal-less (Dll) gene and encode
transcription factors that appear to have critical devel-
opmental functions in all species and tissues, in which
they are expressed (Figure 2A) [20,21]. In Drosophila,
Dll is a critical upstream regulator of sensory and non-
sensory development of appendages and antennae, as
loss of Dll or its downstream target genes results in
antennae with sensorineural hearing loss [22]. The six
identified mammalian Dlx genes are convergently tran-
scribed gene pairs (Dlx1/Dlx2, Dlx5/Dlx6,a n dDlx3/
Dlx7) that have overlapping regulatory elements and
expression patterns. In humans, the paired Dlx5/Dlx6
genes, which map to chromosome 7q22, are postulated
as candidates for split hand/split foot malformation
(SHFM1) [23-26]. Furthermore, sensorineural deafness
and vestibular malformations are also associated with
SHFM1 [27-30].
Signaling during inner ear development requires more
than the homeobox gene families. No signaling network
would be complete without members of the Tgfbeta
super family, the Fibroblast growth factor (Fgf) family
(Figure 2D), Sonic hedgehog (Shh)and its target genes
as well as the Wntand Notch signaling cascades. Further
crucial players are members of the Forkhead (Fox)
genes, a family of winged-helix transcription factors and
T-box (Tbx) genes, a family of mouse Brachyury and
Drosophila Optomotor-blind (omb) homologs that
encode transcription factors that contain a conserved
180 amino acid T-box DNA binding domain [31,32].
More than 40 T-box genes have been identified that
have evolutionary conserved functions during embryonic
development in a wide range of animals.
Many are on stage to form an otic placode, but few get
to play
The mammalian inner ear is a complex structure. For-
mation of the inner ear becomes apparent in mouse
around E7.5/E8, when cranial ectodermal thickenings,
the otic placodes, are symmetrically located on opposing
sides of the hindbrain. Induction of the placodes is the
outcome of cross talk mediated by signaling events ori-
ginating from the presumptive otic epithelium and
underlying periotic mesenchyme, the adjacent notochord
and neural tube in the region spanning rhombomeres
four to six [33,34].
There is substantial evidence that Fgf signaling plays a
critical role in the induction of otic tissue in vertebrates,
however, despite Fgf3 being a “hot” candidate [33] label-
ing a single Fgf as the otic inducer has proven difficult
since functional redundancy already observed for Fgf
family members in other developmental anlagen
(e.g. limb) is also apparent in the ear: Fgf3 loss-of-func-
tion does not appear to affect ear development, while
Fgf10 mutations do result in inner ear defects. Fgf10 null
mutants show complete agenesis of the posterior canal
crista and the posterior canal. The posterior canal sen-
sory neurons form initially and project rather normally
by E11.5, but they disappear within 2 days. Fgf10 null
mutants have no posterior canal system at E18.5. In addi-
tion, these mutants have deformations of the anterior
and horizontal cristae, reduced formation of the anterior
and horizontal canals, as well as altered position of the
remaining sensory epithelia with respect to the utricle
[35]. Combined Fgf3/Fgf10 mutants do not form an oto-
cyst and show severe impact on the expression of Pax,
Dlx and Otx family members. New findings suggest that
quantitative gene dosage of combined Fgf3 and Fgf10 sig-
naling are essential for otic placode induction in mouse
(Figure 2D) [36,37]. Interestingly, otic placode induction
appears to result from an interplay between Wnt and Fgf
signaling, reminiscent of what has been observed during
early limb development [33,38,39]. In contrast to the
short-range interaction in flies, Shh and Wnts are
expressed in the floor plate and roof plate, respectively,
of the developing brainstem and spinal cord of verte-
brates [40-42]. Wnt genes are co-expressed with Bmp4
and Gli3.C o m b i n e d ,Bmp4, Gli3 and Wnt genes antago-
nize the ventralizing effects of SHH and give a dorsal
identity. This countergradient set up by these genes
allows for functional roles of various downstream genes
for regional identity. Given the proximity of the ear to
the hindbrain, the patterning genes in the hindbrain will
affect the ear development as shown in some classical
experiments [43]. For a detailed review see [44].
Pax2 and Pax8 are some of the earliest known genes
to be expressed in the pre-otic tissue [45,46]. Its onset
of expression suggested Pax8 as a critical regulator of
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Pax8 null mice have normal inner ear development [47].
There is the possibility that Pax8 function during otic
development is masked by redundant function of an
unrelated gene or by another member of the Pax gene
family. Initially broad preplacodal Pax2 expression
becomes ventrally restricted medial epithelial expression
in the developing otocyst (Figure 2A), while Pax8
expression is maintained throughout the formation of
the otic vesicle [48,49].
While Fgf, Wnt and Pax genes have been implicated in
otic induction, other gene families are also expressed
during that early stage, however no obvious genetic
function could be assigned to them. This could be either
due to functional redundancy or because their critical
role does not unfold until much later, when otic devel-
opment is well on its way. In chick, Msx1 expression
marks the medial edge of the preotic placodal region
adjacent to the hindbrain and prior to the onset of Pax2
expression [50]. Only a subset of the Msx1 expressing
cell population actually contributes to the formation of
the otic placode and the role of Msx1 expression during
otic induction and morphogenesis remains unreported.
However it is not unusual to find Dlx and Msx genes
expressed in close proximity to one another, as they are
often thought to function together in gene regulation
[51]. Foxi1 c o u l dp l a yar o l ei nv e r t e b r a t eo t i cp l a c o d e
formation given that in foxi1 zebrafish mutants mor-
phology of the otic placodes as well as the expression of
pax2/8 and dlx3b/4b is affected [52]. However, in mice
otic placode development appears normal in Foxi1 loss
of function mutants [53]. While its role might be over
shadowed by functional redundancy with Foxf2, which is
also expressed early in the otic epithelium in mouse
[54], a critical function during early otic development in
mouse remains questionable. Studies have shown that
Foxg1 is expressed in most cell types of the inner ear of
the adult mouse and that Foxg1 mutants have both
morphological and histological defects in the inner ear
[55]. These mice have a shortened cochlea with multiple
rows of hair cells and supporting cells. Additionally,
they demonstrate striking abnormalities in cochlear and
vestibular innervation, including loss of all crista neu-
rons and numerous fibers that overshoot the organ of
corti. Recent studies have also shown the critical role of
Foxg1 in sensory cristae[56]. Genetic fate-mapping ana-
lyses indicate an improper separation between anterior
and lateral cristae in Foxg1
-/- mouse mutants. The data
suggest that a function of Foxg1 in the inner ear is to
restrict sensory fate which is in conflict with previous
data proposing that sensory cristae induce formation of
their non-sensory components, the semicircular canals.
Hmx2 and Hmx3 (also known as Nkx5.2 and Nkx5.1,
respectively) are coexpressed in the otic placode, with
Hmx3 being expressed in the otic epithelium starting at
E8.5, just a few hours prior to the onset of Hmx2 [57].
A tt h es a m et i m e ,Gbx2 expression becomes detectable
in the otic placode [37,58]. Of the Dlx gene family, only
Dlx5/Dlx6 are expressed in the pre-placodal and
throughout the otic placode stage [59,60]. So are Six1
and Six4, members of the Six homeobox gene family,
however their main function seems to be exerted at sub-
sequent stages of otic development (for review see [33].
From placode to otocyst
Induction of the otic placode is followed by its invagina-
tion to form the so called otic cup or otic pit, which in
mouse encloses and separates from the surface ecto-
derm to create a drop shaped otic vesicle or otocyst by
E9 (Figure 1). Otic patterning has to be precisely coordi-
nated along three axes: Anteroposterior (AP), dorsoven-
tral (DV) and mediolateral (ML). Data generated in
recent years largely supports a ‘compartment-boundary’
model of cell fate specification and patterning in the
inner ear [61], suggesting that once the otic vesicle
forms, regions have been established and the otic
epithelium is compartmentalized along all three axes as
indicated by restricted expression profiles of genes like
Pax2, Fgf3, Lunatic fringe, Six1, Bmp4 and Bmp antago-
nists [61-64]. The inter compartment boundaries can
mediate local patterning and cell fate decisions in the
otocyst [61]. This is supported by observations that dis-
tinct regions identified by their gene expression patterns
in the developing otocyst give rise to a particular com-
ponent of the inner ear. Subsequent loss of gene func-
tion studies in mouse have shown varying genetic roles
in establishing inner ear structures predicted by the
compartments [61,64]. Most importantly, these studies
have shown a vast role for numerous homeobox genes
in establishing compartmental boundaries, subsequent
to otic induction, and in specifying cell fates during
morphogenesis of the inner ear from compartmentalized
domains of gene expression [57,65-69].
As members of the Pax-Six-Eya-Dach signaling net-
work and considering the early onset of expression, Six1
and Six4 are likely to contribute to compartmentaliza-
tion and specification of ventrally derived auditory struc-
tures following induction of the otic placode. Six1 and
Six4 continue to be expressed during the otic vesicle
stages of inner ear development. Insight into their func-
tional role during mammalian inner ear development
was obtained through the analysis of Eya1 null mice, as
Six1 expression is concomitantly lost during the total
regression of inner ear structures [12,70]. Six4 has also
been demonstrated to interact with Eya1 in the mouse
[71]. However, its functional role remains unclear since
Six4 null mice have normal inner ear development,
which may be due to functional compensation by Six1
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the otic vesicle that gives rise to the auditory compo-
nents of the inner ear (Figure 2A). Recent analysis of
two independent Six1 null mouse strains indicates an
important role for establishing and/or maintaining com-
partmental boundaries and in cochlear specification
[73,74]. While otic vesicle formation occurs, develop-
ment beyond this stage is affected in the Six1 null mice.
On the level of gene expression a dorsalization of the
ventral otocyst is observed: ventral markers such as
Fgf3, Fgf10, Otx1, Otx2 and Lunatic Fringe are lost and
the dorsal markers Hmx3 and Dlx5 are expanded ven-
trally (Figure 2, for review see [75].
As early as E10.25, Otx1 and Otx2 are expressed in
the posteroventrolateral and ventral apex, respectively,
of the otic epithelium following formation of the otic
vesicle [61,76]. The ventral apical domain serves as an
area of overlapping expression. The ventral cells of the
otic epithelium are believed to be fated to give rise to
the cochlear duct and organ of Corti [12]. Otx1 null
mice have cochlear and saccular defects that are consis-
tent with its ventral expression domain [77,78]. Further-
more, the defects expand dorsally to the lateral
semicircular duct and its ampulla that would also be
predicted by a ‘compartment-boundary’ model of cell
fate specification [77,79]. Notably, Otx1/Otx2 expression
is abutting areas positive for the characteristic sensory
markers Bmp4 and Fng [77]. At the other pole, Gbx2 is
expressed in the dorsomedial otocyst. In the absence of
Gbx2, Wnt2b, a marker of the developing endolymphatic
duct, is lost. Furthermore Gbx2 appears to be required
to maintain Dlx5 expression regionally, since Dlx5 is
absent from the medial but not lateral otocyst (Figure
2B) [80]. Its compartment of otic vesicle expression is
predicted to have a role in development of the endolym-
phatic duct and in establishing the dorsal boundary of
the saccule sensory compartment [81]. Interestingly,
unlike in mid-hindbrain patterning, where Otx2 and
Gbx2 expression abuts one another, with this juxtaposi-
tion being critical for the positioning of the organizer, in
the otocyst, Otx2 and Gbx2 sandwich the presumptive
sensory patches and Lunatic fringe (Lfng) expression
[61,80].
By E9.5 in mouse Hmx2 and Hmx3 expression
becomes compartmentalized to the dorsolateral epithe-
lium of the otic vesicle (Figure 2C) [57,69]. In chick, lat-
eral expression of SOHo-1 in the otic vesicle marks the
epithelial territories that give rise to the presumptive
semicircular ducts and their cristae [61,82,83]. In zebra-
fish the onset of Hmx3 expression in the otic vesicle
and lateral line organs starts at 11.5 hpf and Hmx2
expression in the same tissue is detected at 14 hpf [17].
Similarly, upon formation of the otic vesicle Dlx5/Dlx6
expression becomes restricted to the dorsal hemisphere
(Figure 2A,B) [26,60,65,66]. The dorsomedial expression
domain of Dlx5 and presumably Dlx6 are restricted by
the function of Shh, which is secreted onto the otic
epithelium from the nearby notochord [84]. The cells
compartmentalized within the otic vesicular Dlx5/Dlx6
expression domain are fated to give rise to the vestibular
apparatus, according to the ‘compartment-boundary’
model of inner ear development [63].
The T-box gene Tbx1 is initially expressed in the otic
vesicle epithelium and subsequently in the periotic
mesenchyme. The mechanistic role of Tbx1 remains
unclear, but its expression appears to be critical for
morphogenesis, as the inner ears of Tbx1 null mice have
the morphology of an undifferentiated otic vesicle with
normal endolymphatic duct formation [85]. With neuro-
nal precursors originating from the anterior otocyst,
more recent Tbx1 gain and loss of function studies
f u r t h e rs u g g e s tar o l ei nr e g u l a t i o no fn e u r o g e n e s i s
via regulating anteroposterior axis development in the
otocyst [86].
Shaping of the inner ear into auditory and vestibular
structures
T h em a t u r ei n n e re a rw i t hi t se l a b o r a t e l yd e s i g n e d
acoustic and vestibular apparatus is encased in the
dense bone of the skull. Molecular and fate mapping
data created in recent years shines some light into this
cave and helps to understand the formation of such
complex structures evolving from a “simple” drop-
shaped otocyst.
While the otocyst initially consists of simple pseudo-
stratified epithelium it soon undergoes extensive prolif-
eration, differentiation and morphogenesis that will
eventually establish the ventrally derived auditory com-
ponent, the cochlea, and the dorsally derived vestibular
apparatus. In mammals, auditory perception is initially
mediated through sensory cells located in a rigorously
patterned mosaic of unique cell types located within the
coiled cochlea. Almost all of the cell types within the
membranous labyrinth of the inner ear are derived from
multipotent epithelial progenitor cells initially located in
the otocyst. Otocyst-derived cells develop into three
major lineages, prosensory (cells that will develop as
either hair cells or associated supporting cells), pro-
neural (cells that will develop as auditory or vestibular
neurons) and nonsensory (all other otocyst derived cells)
with cells within each lineage developing in different
spatio-temporally defined domains of the otocyst.
Recent results have identified specific signaling mole-
cules and pathways, including Notch, Hedgehog, Sox2
and Fgfs, that guide progenitor cells to develop first as a
sensory precursor and subsequently as one of the more
specialized cell types. For a detailed review on cochlear
development see [87,88]. Highly differentiated sensory
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form the organ of Corti, which is responsible for detect-
ing sound. Likewise, sensory hair cells arise within the
vestibular apparatus to form the maculae in the utricle
and saccule and the cristae in the semicircular ducts
(Figure 1E). Collectively, they are responsible for detect-
ing gravity as well as linear and angular acceleration,
which all function coordinately to maintain balance
[12,89] for review see [90]. An organ so complex in
function and structure and at the same time so rich in
detail as the mature inner ear requires absolute precise
coordination of all the developmental genes and signal-
ing cascades involved. Generally and as predicted from
the “compartment boundary model” genes expressed in
the ventral otocyst will be implicated in formation of
auditory structures, while genes expressed in the dorsal
otocyst are implicated in the formation of the vestibular
apparatus.
Pax2 which we got to know as an early marker of otic
fate, is subsequently required for cochlear development,
and its inactivation in mice leads to cochlear agenesis
[68]. Pax2 is also expressed in the endolymphatic duct
[91]. However, the vestibular apparatus and endolym-
phatic duct develop normally in the Pax2 null mice,
maybe due to redundancy with other Pax genes, possi-
bly Pax8. The future generation and analysis of Pax2/
Pax8-null mice could substantiate and clarify the roles
of both genes during inner ear development.
In the Otx1 null mice, both the lateral semicircular
duct and the lateral sensory cristae are absent, similar
to Prx1/Prx2 double-null mice suggesting that Otx and
Prx genes may interact with each other via unknown
secretable factors during inner ear development. The
ventral-apical expression domain of Otx2 in the otic
e p i t h e l i u mg i v e sr i s et ot h es a c c u l ea n dap o r t i o no f
the cochlea. Since Otx2 null mice die prior to morpho-
genesis of the inner ear beyond the otic vesicle, Otx2
function during inner ear development has been
inferred by the analysis of Otx1 null mice that are also
heterozygous for Otx2 [77,92,93]. The inner ear defects
in these mice are progressively more severe than those
reported for the Otx1 null mice [77]. The defects to
the cochlea are expanded ventrally and the saccule,
which is unaffected in Otx1 null mice, is dysmorphic
as might be predicted by the ‘compartment-boundary’
model. Therefore Otx2 expression apparently functions
both redundantly and independently of Otx1 in estab-
lishing proper specification of the cochlea and saccule.
Unlike Otx1, Otx2 expression does not appear to be
mediated by Shh signaling as ectopic expression of Shh
in mice does not induce concomitant ectopic expres-
sion of Otx2 [84]. A more detailed analysis of the
involvement of Otx2 expression during inner ear speci-
fication and patterning may require the generation of
conditional loss of function mutants or alternative
systems.
Gbx2 expression eventually becomes restricted to the
endolymphatic duct and ceases in the inner ear by E15.5
[80]. The loss of function analysis confirmed phenotype
predictions based on the compartment boundary model
a n ds h o w e dak e yr o l eo fGbx2 in patterning dorsome-
dial (endolymphatic duct, vertical pouch) [80] leaving
Gbx2 null mice with a phenotype similar to that
described for kreisler mice ([94] and references therein)
namely absence of the endolymphatic duct and swelling
of the membranous labyrinth. In more severe cases ven-
tral inner ear structures (saccule, cochlea) were also
affected [80].
As predicted by its expression domain, Hmx3 is
required for proper specification of structures within the
vestibular apparatus. In Hmx3 null mice, vestibular
defects include the anterior and posterior semicircular
ducts being severely reduced or lost and the lateral
semicircular duct always being absent, while auditory
development is unaffected and functional [95]. These
mice display features of hyperactivity and circling that
phenocopy the shaker/waltzer mutant mice (Figure 3).
In contrast, a second Hmx3 null mouse strain has
relatively normal semicircular duct formation in the
presence of a similar circling behavior [69]. These mice
have utricles and saccules that are fused into one cham-
ber that has a severe reduction and/or absence of sen-
sory epithelial cells within their maculae. In addition,
their entire lateral semicircular duct cristae are comple-
tely absent. The variable phenotypes suggest that other
factors may have the ability to functionally compensate
for Hmx3 in a dose-dependent manner during vestibular
specification (Figure 3). Loss of Hmx2 gene function in
mice demonstrated a pronounced role in vestibular
development as 65% of Hmx2 null mice display hyperac-
tivity, head tilting and circling behavior in the apparent
absence of central nervous system defects [57]. Histolo-
gical and molecular analysis reveals inner ear defects
that are significantly more severe than those observed in
both Hmx3 null mouse strains. Morphogenesis of the
pars superior portion of the otic vesicles arrests follow-
ing the formation of the primordial vestibular diverti-
cula, which results in the complete absence of all
semicircular ducts, fusion of the utricles and saccules,
and significant loss of the vestibular sensory epithelium
(Figure 3). The vestibular defects appear to arise from
deficient proliferation within the otic epithelium and
periotic mesenchyme that leads to abnormal Dlx5 and
Bmp4 expression patterns. In addition, the expression
domain of Pax2 is reduced, but cochlear development
proceeds normally in the Hmx2 null mice. Since the
available data indicates that Dlx5, Bmp4 and Pax2 are
unlikely downstream targets, Hmx2 appears to be
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lation of otic epithelial cells that specify the entire ves-
tibular apparatus. Taken together, Hmx2 is likely to be
able to functionally compensate for Hmx3 during semi-
circular duct formation, but not completely during mor-
phogenesis of the maculae and cristae. Thus, Hmx2 and
Hmx3 have unique and redundant functions in the spe-
cification of cells that generate a set of sensory and
non-sensory vestibular structures.
Double knockdown studies of Hmx2/Hmx3 in zebra-
fish have reported the appearance of fused otoliths and
the loss of lateral line neuromasts (at 3 dpf) and rescue
experiments with capped RNA have demonstrated the
redundancy of these two genes in formation of lateral
neuromast[17].
Loss of function mutations in Dlx1, Dlx2,o rDlx1/
Dlx2and Dlx7 have not been reported to cause any
defects in inner ear development and can not be studied
in Dlx3 due to early embryonic lethality [59,96]. How-
ever, functional loss of the Dlx5 gene directly affects the
morphogenesis of sensory and non-sensory vestibular
structures and is postulated to indirectly affect distal
cochlear development [65,66]. Variable vestibular defects
range from the absence of one to all three semicircular
ducts, impaired cristae formation, and a consistent
shortening of the endolymphatic duct, while the utricle
and saccule develop with slightly abnormal maculae.
The vestibular defects seem to arise from deregulation
of pathways controlling temporal and spatial patterns of
both cellular proliferation and apoptosis that govern dif-
ferentiation and specification of the inner ear. Further-
more, these mechanisms appear to be controlled by
epithelial-mesenchymal interactions.
Mammalian Msx1/Msx2 are expressed at diverse sites
of epithelial-mesenchymal interactions, including within
the otic epithelium and periotic mesenchyme [60,97,98].
Msx1 null and Msx1/Msx2 double-null mice have mid-
dle ear defects with a respective increase in severity and
apparently have functional redundancy as Msx2 null
mice do not have middle ear defects [97,99,100]. Sur-
prisingly, inner ear and otic capsule defects have not
been reported for any combination of Msx1/Msx2 dou-
ble-null mice even though the double-null mice have
severe craniofacial defects [99]. There is intriguing
Figure 3 Abnormal vestibular structure and morphogenesis in whole-mount b-galactosidase stained mid-gestation embryos lacking
either Hmx2 or Hmx3. Early in development Hmx2 (A) is expressed throughout both the vestibular portions of the inner ear of heterozygous
(A) embryos. Embryos that are homozygous for the absence of Hmx2 (C) have relatively normal cochlear development in the presence of
severely dysmorphic vestibular development. The endolymphatic duct morphogenesis is retarded and the superior (SD), posterior (PD), and
lateral or horizontal (HD) semicircular ducts appear to form a fused and primitive vestibular diverticulum (VD) and is associated with decreased
maculae of the utricle (MU) and saccule (MS). In contrast, Hmx3 expression in the inner ear of heterozygous (D) and homozygous (F) embryos
demonstrates expression throughout only the vestibular apparatus, including the ED and all three semicircular ducts. Embryos that are
homozygous for the absence of Hmx3 (F) have mild faulty development of vestibular structures including a fusion of the utricular and saccular
chambers (U-S) and a dysmorphic utricular maccula (MU) in the presence of circling behavior.
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epithelium may contribute to both sensory and non-sen-
sory vestibular development [101]. Additional experi-
mentation is required to determine if any combination
of Msx1/Msx2 regulates or modulates other factors dur-
ing inner ear morphogenesis and/or otic capsule
formation.
Analyses of the zebrafish van gogh (vgo) mutation and
mouse models of the human DiGeorge (velo-cardio-
facial) syndrome, which includes conductive and sensor-
ineural hearing loss, have revealed that disruptions in
Tbx1 expression have detrimental effects on outer, mid-
dle and inner ear development [102-104]. In addition to
aberrant otic vesicle formation, there are lost expression
domains of Pax2, Otx2, Fgf10 and Bmp4 within the otic
epithelium. However, rather than being downstream tar-
get genes of Tbx1 it appears that their abnormal expres-
sion is the result of lost cell population(s). Furthermore,
Tbx1 expression in the periotic mesenchyme, but not in
the otic epithelium, is lost in Shh null mice in a manner
that strongly implies a functional role in otic capsule
formation [84]. Additional investigations are required to
determine if the functions of Tbx1 in the epithelium
and mesenchyme are linked and if they are required for
the expansion/differentiation of a subpopulation of otic
epithelia cells that specify the cochlea and vestibular
apparatus.
“Sense” the rhythm of the inner ear
Sensory cells in vertebratese i t h e rh a v ea na x o no ra r e
innervated by placode derived neurons associated with
“secondary” sensory cells such as in the inner ear, lateral
line etc. Concurrent with the role of Fgf10, development
of inner ear neurons depends critically on the bHLH
genes Neurog1 [105] and Neurod1 [106]. Neurog1 and
Neurod1 are also necessary for olfactory receptor devel-
opment in mice [107] thus indicating that Neurog1,
while necessary for ear placode derived neuron forma-
tion, is not sufficient to identify such neurons. Placod-
ally derived sensory neurons use the Pou domain factor
Pou4f1 (Brn3a) to upregulate the neurotrophin receptor
Ntrk2 for survival via the neurotrophin Bdnf released
from their target, the hair cells [108]. Among peripheral
neurons, ear neurons of mice can be uniquely identified
by the sequential expression of Neurog1, NeuroD1,
Pou4f1 and Ntrk2 in combination with other factors
such as Gata3 [109].
More genomics/proteomics aspects of inner ear
morphology
To unravel the true magic of the symphony of inner ear
developmental control genes, we have to “listen” care-
fully to messages left by single and combined loss of
function mutants of all the players. As indicated before,
the inner ear is a very complex 3 dimensional structure,
and patterning events resulting in that are orchestrated
along three axes. To do so, the players must perform as
a team. However, it appears that several major sub-
groups can be distinguished, with unique and overlap-
ping patterning functions: (1) Hmx genes appear to act
largely independently in their aspect of vestibular pat-
terning (Figure 3) [13]. (2) The Shh-Pax connection
induces and/or maintains ventral fate during the otocyst
stage [84,110]. Mice deficient for Shh fail to develop
cochlear structures. Recent detailed analysis of the inner
ear defects in Shh null mice provides convincing evi-
dence that Shh protein, secreted from the notochord,
and Pax2 expression are crucial for specifying cochlear
development following formation of the otic vesicle
[68,84]. In the Shh null mice, failure of cochlear devel-
opment is partly attributed to loss of Otx1 and Otx2
homeobox gene expression and primarily to lost otic
epithelial expression of Pax2. Furthermore, the mainte-
nance of Pax2 expression, by Shh protein, was shown to
be critical in restricting the expression of the Dlx5
homeobox gene to the dorsal otic epithelium during
cochlear specification. Interestingly, Pax8 expression
was maintained in the otic epithelium of the Shh null
mice, which strongly suggests that Pax2 and Pax8 are
functionally independent of each other with regards to
inner ear morphogenesis. Morphogenesis of ventrally
and dorsally derived inner ear structures appears to
degenerate due to decreased cell proliferation and simul-
taneously increased apoptotic cell death within the otic
epithelium. If fact, the inner ear defects in the Six1 null
mice are essentially phenocopies of those observed in
both the Shh and Pax2 null mice, which includes lost
Otx1/Otx2 expression and ventral expansion of Dlx5
and Hmx3 homeobox gene expression. Though at the
molecular level, Six1 appears to be independent of the
Shh-Pax2 pathway as their expression is maintained in
the Six1 null mice and Six1 expression is maintained in
the otic vesicles of Shh null mice. However, this does
not rule out a disruption in Shh-Pax2 signaling via cru-
cial protein-protein interactions.
Interestingly, an additional function of Shh seems the
restriction of Wnt signaling to the dorsal otocyst [38].
Regulative interactions between Shh and Wnt signaling
has previously been observed in other anlagen such as
the neural tube [111,112], somite [113] and the limb
[114,115] (3) Wnt signaling impacts on dorsal cell fate
specification via Dlx5/Dlx6 and Gbx2 promotion, and
indirectly ventral cell fate by restricting Otx2 ventrally
via Gbx2 [77,80]. While recent studies by Riccomagno et
al. describe the multiple roles of Wnt signaling during
inner ear development [38], we decided to focus here on
the important downstream targets Dlx5/Dlx6 in dorsal
cell fate specification:
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inner ear defects in the Dlx5/Dlx6 double-null mice
indicates that Dlx5 and Dlx6 have redundant functions
during inner ear development [26,60]. More signifi-
cantly, they are indispensable for the specification and
morphogenesis of all vestibular structures (Figure 4).
While otic induction proceeds normally in Dlx5/Dlx6
double-null embryos and an abnormal ventrally derived
cochlea develops, morphogenesis of all dorsally derived
structures that comprise the vestibule fail to arise in a
manner that is in strong contrast to the Dlx5 null mice.
Following establishment of the otic vesicle, the dorsal
protrusion of the presumptive endolymphatic duct never
forms and subsequent development appears to degener-
ate to the point that Dlx5/Dlx6 expressing cells become
absent. Surprisingly, Dlx5/Dlx6 expressing cells are pre-
sent in the presumptive cartilaginous otic capsules that
surround a highly abnormal developing cochlea devoid
of Dlx5/Dlx6 expression. The developing cochlea is
completely encapsulated, highly dysmorphic, and
appears to contain morphological sensory epithelia.
Whether or not the sensory-like epithelium has any
degree of functionality is presently unknown. As in the
Dlx5 null mice, the vestibular defects seem to evolve
from deficiencies in otic epithelial cell proliferation and
increases in apoptotic cell death within the otic epithe-
lium and the periotic mesenchyme.
The apparent failure of vestibular morphogenesis in
Dlx5/Dlx6 double-null mice implies that multiple pat-
terning mechanisms are defective in the otic epithelium
and/or interactions with theo t i ce p i t h e l i u ma r ed i s -
placed. Unexpectedly, Hmx2 and/or Hmx3 expression in
the otic epithelium are essentially unaffected prior to
the onset of the severe morphological abnormalities
observed in the Dlx5 null and Dlx5/Dlx6 double-null
mice. Furthermore, no significant changes occur in the
expression patterns of Fgfs or the genes that encode
their receptors. However, expression of Gbx2, is comple-
tely absent from the otic epithelium prior to any mor-
phological change. Suggesting that Dlx5/Dlx6 directly
regulate Gbx2 expression in a manner that contributes
to proper formation of the vestibular apparatus.
Expression of the Msx1/Msx2 homeobox genes is
severely reduced or absent from both the otic epithe-
lium and surrounding periotic mesenchyme of Dlx5/
Dlx6 double-null mice. In contrast, the periotic expres-
sion domain of Prx2 is expanded which could indicate a
compensatory consequence of lost Dlx5/Dlx6 function,
Figure 4 Abnormal vestibular morphogenesis in whole-mount b-galactosidase stained E11.5 and E14.5 embryos lacking both Dlx5 and
Dlx6. Embryonic Dlx5 and Dlx6 expression in the inner ears of heterozygous (A, C) and homozygous (B, D) Dlx5/Dlx6 embryos demonstrates that
vestibular morphogenesis is arrested by E11.5 with the absence of presumptive semicircular ducts and endolymphatic duct (ED, asterisk). At
E14.5, Dlx5/Dlx6 expression normally defines the majority of the vestibular apparatus, including the anterior (AD), posterior (PD), and lateral (LD)
semicircular ducts, ampullae (A) and ED. In contrast, the cell lineage of the presumptive vestibular apparatus is absent (asterisk) from Dlx5/Dlx6
null embryos, which develop a rudimentary pinna (P).
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defects. Given that Dlx5 and Dlx6 are not normally
expressed in the periotic mesenchyme, this suggests that
they may regulate the activity of a secreted molecule
that mediates epithelial-mesenchymal interactions dur-
ing early otic morphogenesis. A likely candidate is Bmp4
since its expression is undetectable in the otic epithe-
lium prior to any disruptions in the morphology of the
developing otic vesicle. Bmp4 expression in the otic
epithelium is thought to mark the development of the
presumptive vestibular sensory cristae of the semicircu-
lar ducts. Bmp4 is normally expressed in two distinct
patch-like domains in the anterior-lateral and posterior
otic epithelium, which give rise to all three cristae of the
three semicircular ducts [116]. Experimental use of the
Bmp4 antagonist noggin, in chick, has indirectly demon-
strated that Bmp4 plays a crucial role in sensory and
non-sensory vestibular development, as all three semicir-
cular ducts and their cristae are absent in the severe
phenotypes [101,117]. In addition, Bmp4 protein is loca-
lized within the otic epithelium and secreted into the
periotic mesenchyme during the morphogenesis of the
mouse inner ear with the ability to induce and regulate
otic capsule chondrogenesis [118]. This strongly sug-
gests that Bmp4 is a critical mediator of epithelial-
mesenchymal interactions that govern aspects of inner
ear development. Furthermore, Bmp4 expression and
subsequent secretion of its protein into the periotic
mesenchyme is moderately to severely down regulated
in the otic epithelium of the Dlx5 null mice. Therefore,
Dlx5/Dlx6 m a yb es p e c i f y i n gv e s t i b u l a rf a t eb yr e g u l a t -
ing Bmp4, which has autocrine- and paracrine-like func-
tions to promote sensory and non-sensory vestibular
morphogenesis and to couple epithelial-mesenchymal
interactions that initiate vestibular otic capsule chondro-
genesis, respectively. Six1 may be an important modula-
tor as its expression is required to maintain Bmp4
expression in the otic vesicle [74]. Additionally, Bmp4
could be orchestrating both local sensory and non-sen-
sory vestibular morphogenesis and periotic mesenchy-
mal initiation of otic capsule formation through direct
regulation of Msx1/Msx2 expression, as in other organ
systems [119-124].
An unforeseen consequence of lost Dlx5/Dlx6 expres-
sion is the complete otic epithelial expansion of Pax2
expression (Figure 2A). This is an exciting observation
since Shh restricts the Dlx5 expression domain while
activating Pax2 expression, which has no reported invol-
vement in vestibular specification. In addition, the Otx1
expression domain is severely reduced to a small area
along the lateral otic epithelium. Since the vestibular
apparatus is absent in the Dlx5/Dlx6 double-null mice,
it is likely that the remaining Otx1 expressing cells,
along with Pax2 expressing cells, contribute to cochlea
specification. It remains to be determined if Dlx5/Dlx6
directly regulate Otx1 or if its reduced expression
domain is a secondary consequence. Since the onset of
Dlx5/Dlx6 expression is later than Pax2 and prior to
otic vesicle formation, Dlx5/Dlx6 may be critical regula-
tors of otic cell fates by establishing compartmental
boundaries through a means of region specific gene
repression. Recent studies have determined that Shh and
Pax2 are responsible for specifying cochlear develop-
ment following formation of the otic vesicle in a manner
that is complimentary to the vestibular actions of Dlx5/
Dlx6 [68,84]. Wherein, the failure of cochlea develop-
ment in Shh null mice can be attributed to lost Otx1/
Otx2 and Pax2 expression in the epithelium of the otic
vesicle. Interestingly, Dlx5 expression expands ventrally
to include nearly the entire otic epithelium and Bmp4
expression is shifted in the presence of abnormal vestib-
ular development. Thus providing experimental evidence
that Dlx5/Dlx6 and Pax2 functionally antagonize one
another through restricted otic epithelial expression
domains that are critical in specifying vestibular and
cochlear fates, respectively (Figure 2A and 2B).
To make an already complex signaling scenario even
more complicated: Patterning of the inner ear does not
rely on signaling events within the inner ear alone, but
also depends on signaling clues from the adjacent hind-
brain, neural tube and notochord [38,80,125], where
sources for Shh, Wnt and Gbx2 can be found. This does
not come as too big a surprise, given that the hindbrain
is known to have otic induction capability and many
hindbrain mutants also display inner ear defects
[25,49,51,80].
Some recent studies have also attempted to look at
global gene expression profiles of not only different
structures such as the cochlea, utricle, and saccule
within the inner ear but also at the temporal changes in
these expression pattern[126]. Though these studies are
useful in generating a gene universe, consisting of all
the major genes and gene families involved in the devel-
opment of an organ, it will require further analytical
studies like chromatin immunoprecipitation to tie up
these gene expression data with the interaction of the
individual genes at different time points in development
and will provide a clearer picture of the genomic events
orchestrating the inner ear development.
Some more recent players joining the group
In recent years there has been an increasing focus on
non-coding RNAs and their role in development. Micro-
array analysis of microRNA (miRNA) expression in the
postnatal mouse inner ear has revealed that at least 100
or approximately one-fourth of currently known mouse
miRNAs are present [127]. Expression profiles are not
substantially changed from the newborn mouse inner
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and into adulthood, suggesting that miRNA expression
is largely established in embryonic development rather
than in later stages. Nevertheless, the abundance of
miRNAs implies a considerable contribution to the reg-
ulation of genetic programs amongst the various cell
types that are important to inner ear development,
maturation, and function. A recent study used a Pou4f3
conditional Dicer knockout in mice, with a disruption in
production and maturation of miRNAs specifically in
the hair cells (HC) of the cochlea [128]. The severity of
the HC phenotype varied along the cochlea, with HCs
in the base showing more severe defects than those at
the apex. In P38 mice many HCs lost their stereocilia
(crucial for mechanotransduction), the apical surfaces of
the residual inner and outer HCs became uniformly
rounded and visibly reduced. In some other cases the
HCs showed disorganized bundles of thin microvilli like
stereocilia of uniform length and in some cases adjacent
stereocilia fused together. By combining transcriptome
profiling, in situ hybridization and bioinformatics the
authors zoomed in on six miRNAs (miR-15a, miR-18a,
miR-30b, miR-99a, miR-182, and miR-199a)s h o w i n g
different spatio-temporal expression in new born mouse
cochlea and vestibule. Interestingly two of these miR-
NAs (miR-15a-1 and miR-18a)w e r ea l s os h o w nt ob e
important in zebrafish inner ear development. By using
bioinformatics tool the authors also identified Slc12a2,
Cldn12 and Bdnf as potential targets for miR-15a.
Conclusion
The formation of compartment boundaries has been
proven vital in many anlagen and organisms during
development and a ‘compartment boundary’ model was
proposed for the inner ear [61]. Homeobox genes have
shown diverse and widespread roles in the development
of numerous organ systems. Existing and recent studies
i nm o u s ei n d i c a t e dt h a tt h e ya r ea b s o l u t e l yn e c e s s a r y
for morphogenesis of the mammalian inner ear follow-
ing otic placode induction. In craniofacial [65] and pos-
sibly limb development [25,26] the homeobox genes
Dlx5/Dlx6, might exert a substantial role in boundary
stabilization, aiding to restrict cells to a developmental
compartment, an important function they could also
engage in during inner ear development.
Shh specifies the ventral most cells of the otic epithe-
lium that express Otx1/Otx2 and possibly Pax2 and
which contribute to the morphogenesis of the cochlea.
Shh also functions to maintain Pax2 and restrict Dlx5/
Dlx6 to the medial wall of the otic vesicle, thus specify-
ing cochlear fate. In addition, Shh and possibly Fgf2
function together in the periotic mesenchyme to initiate
ventral otic capsule chondrogenesis via Brn4 and Tbx1
function [84,110]. Dlx5/Dlx6 specify the medial to dorsal
most cells of the otic epithelium that give rise to the
endolymphatic duct and vestibular apparatus (Figure 4).
Vestibular morphogenesis requires the activation of
Gbx2 and Bmp4 and may involve partial expression of
Otx1. Dlx5/Dlx6 also function to restrict Pax2 expres-
sion to the medial wall of the otic vesicle epithelium. In
addition, Dlx5/Dlx6 initiate interactions with the perio-
tic mesenchyme via Bmp4 secretion from the otic
epithelium, which then interacts with Msx1/Msx2 to
provide positional control of the otic vesicle and dorsal
otic capsule chondrogenesis. In essence, Dlx5/Dlx6 and
Shh appear to functionally antagonize one another,
through repression, to generate compartments of activ-
ities that specify distinct otic cell fates during the mor-
phogenesis of the mammalian inner ear.
It is clear from existing data that homeobox-contain-
ing transcription factors, in conjunction with secretable
factors, have wide ranging and critical regulatory roles
for specifying the mammalian inner ear complex. Future
studies are required to firmly establish the relationship
between the Dlx5/Dlx6 and Pax2 genes for specifying
the vestibular and auditory components, respectively,
following otic placode induction and formation of the
otic vesicle. At present, it appears that they functionally
antagonize each other by defining their boundaries of
expression within the three-dimensional otic vesicle, yet
the mechanism of antagonism remains to be deter-
mined. In addition to activating expression of Pax2
(Figure 2A and 2B) does Shh, via secretion from the
notochord, also act as a direct repressor of Dlx5/Dlx6
expression? What factors are acting upstream of Dlx5/
Dlx6 during otic induction and upstream of Shh in the
notochord? Likewise, does the secretion of Bmp4 within
and out of the otic epithelium have any direct or indir-
ect roles in specification of the auditory component of
the inner ear? Additional experiments are required to
substantiate the proposed interactions between Dlx5/
Dlx6 and Pax2 homeobox genes and the secreted Shh
and Bmp4 proteins in specifying the vestibular and audi-
tory components of the mammalian inner ear.
It remains to clarify the functional roles of the Hmx1/
Hmx2/Hmx3 homeobox genes, especially their role in
the current model of inner ear specification. Since their
expression domains overlap throughout the entire inner
ear labyrinth and they are expressed prior to otic vesicle
formation, the compartment model of inner ear specifi-
cation predicts that they should be global regulators of
inner ear specification. However, loss of function muta-
tion studies in mouse has only revealed variable roles in
vestibular development (Figure 3). In addition, their
expression appears to be unaffected at the early otic
vesicle stages in the Dlx5/Dlx6 null mice. Why is that
and what is their position in the genetic hierarchy dur-
ing inner ear specification? Are they upstream regulators
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during otic vesicle formation or do they form a redun-
dant parallel pathway in vestibular morphogenesis? And
what are their upstream regulators? In the near future
these questions can be addressed by combining existing
loss-of-function and conditional mouse mutant lines
relevant to the developing inner ear. This will hopefully
provide insight into the complex morphogenetic
mechanisms that occur following otic vesicle formation
and prior to cell fate determination in the developing
inner ear. Though these are yet early days, there has
been growing evidence supporting a resounding role for
miRNAs in the developing inner ear. More studies will
only lengthen the list of miRNAs expressed in the inner
ear as well as their potential target at different stages of
its development. By combining knowledge gleaned from
the traditional knockout studies with recent studies
focusing on the non coding RNAs and other regulatory
sequences, we hope in the near future we will be able to
‘listen to’ and understand the complete symphony of
inner ear developmental control genes.
Author details
1Stem Cell and Developmental Biology, Genome Institute of Singapore, 60
Biopolis Street, 138672, Singapore.
2Department of Biological Sciences,
National University of Singapore, 117543, Singapore.
Authors’ contributions
SC, PMK and TL prepared the figures and wrote the manuscript. All authors
read and approved the final manuscript
Received: 15 April 2010 Accepted: 16 July 2010 Published: 16 July 2010
References
1. Raphael Y, Altschuler RA: Structure and innervation of the cochlea. Brain
Res Bull 2003, 60:397-422.
2. Takeuchi S, Ando M, Kakigi A: Mechanism generating endocochlear
potential: role played by intermediate cells in stria vascularis. Biophys J
2000, 79:2572-82.
3. Nance WE: The genetics of deafness. Ment Retard Dev Disabil Res Rev 2003,
9:109-19.
4. Sando I, Orita Y, Miura M, Balaban CD: Vestibular abnormalities in
congenital disorders. Ann N Y Acad Sci 2001, 942:15-24.
5. Walther C, Guenet JL, Simon D, Deutsch U, Jostes B, Goulding MD,
Plachov D, Balling R, Gruss P: Pax: a murine multigene family of paired
box-containing genes. Genomics 1991, 11:424-34.
6. Simeone A, Puelles E, Acampora D: The Otx family. Curr Opin Genet Dev
2002, 12:409-15.
7. Zhang H, Hu G, Wang H, Sciavolino P, Iler N, Shen MM, Abate-Shen C:
Heterodimerization of Msx and Dlx homeoproteins results in functional
antagonism. Mol Cell Biol 1997, 17:2920-32.
8. Catron KM, Wang H, Hu G, Shen MM, Abate-Shen C: Comparison of MSX-1
and MSX-2 suggests a molecular basis for functional redundancy. Mech
Dev 1996, 55:185-99.
9. Hanson IM: Mammalian homologues of the Drosophila eye specification
genes. Semin Cell Dev Biol 2001, 12:475-84.
10. Kawakami K, Sato S, Ozaki H, Ikeda K: Six family genes–structure and
function as transcription factors and their roles in development.
Bioessays 2000, 22:616-26.
11. Fritzsch B, Beisel KW: Molecular conservation and novelties in vertebrate
ear development. Curr Top Dev Biol 2003, 57:1-44.
12. Noramly S, Grainger RM: Determination of the embryonic inner ear. J
Neurobiol 2002, 53:100-28.
13. Wang W, Lufkin T: Hmx homeobox gene function in inner ear and
nervous system cell-type specification and development. Exp Cell Res
2005, 306:373-9.
14. Wang W, Lo P, Frasch M, Lufkin T: Hmx: an evolutionary conserved
homeobox gene family expressed in the developing nervous system in
mice and Drosophila. Mech Dev 2000, 99:123-37.
15. Adamska M, Leger S, Brand M, Hadrys T, Braun T, Bober E: Inner ear and
lateral line expression of a zebrafish Nkx 5-1 gene and its
downregulation in the ears of FGF8 mutant ace. Mech Dev 2000,
97:161-5.
16. Adamska M, Wolff A, Kreusler M, Wittbrodt J, Braun T, Bober E: Five Nkx5
genes show differential expression patterns in anlagen of sensory
organs in medaka: insight into the evolution of the gene family. Dev
Genes Evol 2001, 211:338-49.
17. Feng Y, Xu Q: Pivotal role of hmx2 and hmx3 in zebrafish inner ear and
lateral line development. Dev Biol 2010, 339(2):507-18.
18. Bober E, Baum C, Braun T, Arnold HH: A novel NK-related mouse
homeobox gene: expression in central and peripheral nervous structures
during embryonic development. Dev Biol 1994, 162:288-303.
19. Stadler HS, Solursh M: Characterization of the homeobox-containing gene
GH6 identifies novel regions of homeobox gene expression in the
developing chick embryo. Dev Biol 1994, 161:251-62.
20. Panganiban G, Rubenstein JL: Developmental functions of the Distal-less/
Dlx homeobox genes. Development 2002, 129:4371-86.
21. Panganiban G: Distal-less function during Drosophila appendage and
sense organ development. Dev Dyn 2000, 218:554-62.
22. Dong PD, Dicks JS, Panganiban G: Distal-less and homothorax regulate
multiple targets to pattern the Drosophila antenna. Development 2002,
129:1967-74.
23. Crackower MA, Scherer SW, Rommens JM, Hui CC, Poorkaj P, Soder S,
Cobben JM, Hudgins L, Evans JP, Tsui LC: Characterization of the split
hand/split foot malformation locus SHFM1 at 7q21.3-q22.1 and analysis
of a candidate gene for its expression during limb development. Hum
Mol Genet 1996, 5:571-9.
24. Scherer SW, Poorkaj P, Massa H, Soder S, Allen T, Nunes M, Geshuri D,
Wong E, Belloni E, Little S, et al: Physical mapping of the split hand/split
foot locus on chromosome 7 and implication in syndromic ectrodactyly.
Hum Mol Genet 1994, 3:1345-54.
25. Kraus P, Lufkin T: Dlx homeobox gene control of mammalian limb and
craniofacial development. Am J Med Genet A 2006, 140:1366-74.
26. Robledo RF, Rajan L, Li X, Lufkin T: The Dlx5 and Dlx6 homeobox genes
are essential for craniofacial axial, and appendicular skeletal
development. Genes Dev 2002, 16:1089-101.
27. Tackels-Horne D, Toburen A, Sangiorgi E, Gurrieri F, de Mollerat X,
Fischetto R, Causio F, Clarkson K, Stevenson RE, Schwartz CE: Split hand/
split foot malformation with hearing loss: first report of families linked
to the SHFM1 locus in 7q21. Clin Genet 2001, 59:28-36.
28. Raas-Rothschild A, Aviram A, Ben-Ami T, Berger I, Katznelson MB,
Goodman RM: Newly recognized ectrodactyly/deafness syndrome.
J Craniofac Genet Dev Biol 1989, 9:121-7.
29. Ignatius J, Knuutila S, Scherer SW, Trask B, Kere J: Split hand/split foot
malformation deafness, and mental retardation with a complex
cytogenetic rearrangement involving 7q21.3. J Med Genet 1996,
33:507-10.
30. Haberlandt E, Loffler J, Hirst-Stadlmann A, Stockl B, Judmaier W, Fischer H,
Heinz-Erian P, Muller T, Utermann G, Smith RJ, et al: Split hand/split foot
malformation associated with sensorineural deafness inner and middle
ear malformation hypodontia, congenital vertical talus and deletion of
eight microsatellite markers in 7q21.1-q21.3. J Med Genet 2001, 38:405-9.
31. Pflugfelder GO, Roth H, Poeck B, Kerscher S, Schwarz H, Jonschker B,
Heisenberg M: The lethal(1)optomotor-blind gene of Drosophila
melanogaster is a major organizer of optic lobe development: isolation
and characterization of the gene. Proc Natl Acad Sci USA 1992,
89:1199-203.
32. Bollag RJ, Siegfried Z, Cebra-Thomas JA, Garvey N, Davison EM, Silver LM:
An ancient family of embryonically expressed mouse genes sharing a
conserved protein motif with the T locus. Nat Genet 1994, 7:383-9.
33. Riley BB, Phillips BT: Ringing in the new ear: resolution of cell interactions
in otic development. Dev Biol 2003, 261:289-312.
34. Brown ST, Martin K, Groves AK: Molecular basis of inner ear induction.
Curr Top Dev Biol 2003, 57:115-49.
Chatterjee et al. BMC Genetics 2010, 11:68
http://www.biomedcentral.com/1471-2156/11/68
Page 13 of 1535. Pauley S, Wright TJ, Pirvola U, Ornitz D, Beisel K, Fritzsch B: Expression and
function of FGF10 in mammalian inner ear development. Dev Dyn 2003,
227:203-15.
36. Alvarez Y, Alonso MT, Vendrell V, Zelarayan LC, Chamero P, Theil T,
Bosl MR, Kato S, Maconochie M, Riethmacher D, et al: Requirements for
FGF3 and FGF10 during inner ear formation. Development 2003,
130:6329-38.
37. Wright TJ, Mansour SL: FGF signaling in ear development and
innervation. Curr Top Dev Biol 2003, 57:225-59.
38. Riccomagno MM, Takada S, Epstein DJ: Wnt-dependent regulation of
inner ear morphogenesis is balanced by the opposing and supporting
roles of Shh. Genes Dev 2005, 19:1612-23.
39. Kawakami Y, Capdevila J, Buscher D, Itoh T, Rodriguez Esteban C, Izpisua
Belmonte JC: WNT signals control FGF-dependent limb initiation and
AER induction in the chick embryo. Cell 2001, 104:891-900.
40. Gowan K, Helms AW, Hunsaker TL, Collisson T, Ebert PJ, Odom R,
Johnson JE: Crossinhibitory activities of Ngn1 and Math1 allow
specification of distinct dorsal interneurons. Neuron 2001, 31:219-32.
41. Litingtung Y, Dahn RD, Li Y, Fallon JF, Chiang C: Shh and Gli3 are
dispensable for limb skeleton formation but regulate digit number and
identity. Nature 2002, 418:979-83.
42. Muroyama Y, Fujihara M, Ikeya M, Kondoh H, Takada S: Wnt signaling plays
an essential role in neuronal specification of the dorsal spinal cord.
Genes Dev 2002, 16:548-53.
43. Fritzsch B: Evolution of the vestibulo-ocular system. Otolaryngol Head Neck
Surg 1998, 119:182-92.
44. Fritzsch B, Pauley S, Beisel KW: Cells, molecules and morphogenesis: the
making of the vertebrate ear. Brain Res 2006, 1091:151-71.
45. Heller N, Brandli AW: Xenopus Pax-2/5/8 orthologues: novel insights into
Pax gene evolution and identification of Pax-8 as the earliest marker for
otic and pronephric cell lineages. Dev Genet 1999, 24:208-19.
46. Pfeffer PL, Gerster T, Lun K, Brand M, Busslinger M: Characterization of
three novel members of the zebrafish Pax2/5/8 family: dependency of
Pax5 and Pax8 expression on the Pax2.1 (noi) function. Development
1998, 125:3063-74.
47. Mansouri A, Chowdhury K, Gruss P: Follicular cells of the thyroid gland
require Pax8 gene function. Nat Genet 1998, 19:87-90.
48. Nornes HO, Dressler GR, Knapik EW, Deutsch U, Gruss P: Spatially and
temporally restricted expression of Pax2 during murine neurogenesis.
Development 1990, 109:797-809.
49. Groves AK, Bronner-Fraser M: Competence, specification and commitment
in otic placode induction. Development 2000, 127:3489-99.
50. Streit A: Extensive cell movements accompany formation of the otic
placode. Dev Biol 2002, 249:237-54.
51. Kraus P, Lufkin T: Mammalian Dlx homeobox gene control of craniofacial
and inner ear morphogenesis. J Cell Biochem 1999, , Suppl 32-33: 133-40.
52. Solomon KS, Kudoh T, Dawid IB, Fritz A: Zebrafish foxi1 mediates otic
placode formation and jaw development. Development 2003, 130:929-40.
53. Hulander M, Wurst W, Carlsson P, Enerback S: The winged helix
transcription factor Fkh10 is required for normal development of the
inner ear. Nat Genet 1998, 20:374-6.
54. Aitola M, Carlsson P, Mahlapuu M, Enerback S, Pelto-Huikko M: Forkhead
transcription factor FoxF2 is expressed in mesodermal tissues involved
in epithelio-mesenchymal interactions. Dev Dyn 2000, 218:136-49.
55. Pauley S, Lai E, Fritzsch B: Foxg1 is required for morphogenesis and
histogenesis of the mammalian inner ear. Dev Dyn 2006, 235:2470-82.
56. Hwang CH, Simeone A, Lai E, Wu DK: Foxg1 is required for proper
separation and formation of sensory cristae during inner ear
development. Dev Dyn 2009, 238:2725-34.
57. Wang W, Chan EK, Baron S, Van de Water T, Lufkin T: Hmx2 homeobox
gene control of murine vestibular morphogenesis. Development 2001,
128:5017-29.
58. Wright TJ, Mansour SL: Fgf3 and Fgf10 are required for mouse otic
placode induction. Development 2003, 130:3379-90.
59. Qiu M, Bulfone A, Ghattas I, Meneses JJ, Christensen L, Sharpe PT, Presley R,
Pedersen RA, Rubenstein JL: Role of the Dlx homeobox genes in
proximodistal patterning of the branchial arches: mutations of Dlx-1,
Dlx-2, and Dlx-1 and -2 alter morphogenesis of proximal skeletal and
soft tissue structures derived from the first and second arches. Dev Biol
1997, 185:165-84.
60. Robledo RF, Lufkin T: The Dlx5 and Dlx6 homeobox genes are required
for specification of the mammalian vestibular apparatus. Genesis: The J of
Genetics & Development 2006, 44(9):425-37.
61. Fekete DM, Wu DK: Revisiting cell fate specification in the inner ear. Curr
Opin Neurobiol 2002, 12:35-42.
62. Baker CV, Bronner-Fraser M: Vertebrate cranial placodes I. Embryonic
induction. Dev Biol 2001, 232:1-61.
63. Brigande JV, Kiernan AE, Gao X, Iten LE, Fekete DM: Molecular genetics of
pattern formation in the inner ear: do compartment boundaries play a
role? Proc Natl Acad Sci USA 2000, 97:11700-6.
64. Rinkwitz S, Bober E, Baker R: Development of the vertebrate inner ear.
Ann N Y Acad Sci 2001, 942:1-14.
65. Acampora D, Merlo GR, Paleari L, Zerega B, Postiglione MP, Mantero S,
Bober E, Barbieri O, Simeone A, Levi G: Craniofacial, vestibular and bone
defects in mice lacking the Distal-less-related gene Dlx5. Development
1999, 126:3795-809.
66. Depew MJ, Liu JK, Long JE, Presley R, Meneses JJ, Pedersen RA,
Rubenstein JL: Dlx5 regulates regional development of the branchial
arches and sensory capsules. Development 1999, 126:3831-46.
67. Merlo GR, Paleari L, Mantero S, Zerega B, Adamska M, Rinkwitz S, Bober E,
Levi G: The Dlx5 homeobox gene is essential for vestibular
morphogenesis in the mouse embryo through a BMP4-mediated
pathway. Dev Biol 2002, 248:157-69.
68. Torres M, Gomez-Pardo E, Gruss P: Pax2 contributes to inner ear
patterning and optic nerve trajectory. Development 1996, 122:3381-91.
69. Wang W, Van De Water T, Lufkin T: Inner ear and maternal reproductive
defects in mice lacking the Hmx3 homeobox gene. Development 1998,
125:621-34.
70. Xu PX, Adams J, Peters H, Brown MC, Heaney S, Maas R: Eya1-deficient
mice lack ears and kidneys and show abnormal apoptosis of organ
primordia. Nat Genet 1999, 23:113-7.
71. Ohto H, Kamada S, Tago K, Tominaga SI, Ozaki H, Sato S, Kawakami K:
Cooperation of six and eya in activation of their target genes through
nuclear translocation of Eya. Mol Cell Biol 1999, 19:6815-24.
72. Ozaki H, Watanabe Y, Takahashi K, Kitamura K, Tanaka A, Urase K, Momoi T,
Sudo K, Sakagami J, Asano M, et al: Six4, a putative myogenin gene
regulator is not essential for mouse embryonal development. Mol Cell
Biol 2001, 21:3343-50.
73. Ozaki H, Nakamura K, Funahashi J, Ikeda K, Yamada G, Tokano H,
Okamura HO, Kitamura K, Muto S, Kotaki H, et al: Six1 controls patterning
of the mouse otic vesicle. Development 2004, 131:551-62.
74. Zheng W, Huang L, Wei ZB, Silvius D, Tang B, Xu PX: The role of Six1 in
mammalian auditory system development. Development 2003,
130:3989-4000.
75. Barald KF, Kelley MW: From placode to polarization: new tunes in inner
ear development. Development 2004, 131:4119-30.
76. Anagnostopoulos AV: A compendium of mouse knockouts with inner ear
defects. Trends Genet 2002, 18:499.
77. Morsli H, Tuorto F, Choo D, Postiglione MP, Simeone A, Wu DK: Otx1 and
Otx2 activities are required for the normal development of the mouse
inner ear. Development 1999, 126:2335-43.
78. Acampora D, Mazan S, Avantaggiato V, Barone P, Tuorto F, Lallemand Y,
Brulet P, Simeone A: Epilepsy and brain abnormalities in mice lacking the
Otx1 gene. Nat Genet 1996, 14:218-22.
79. Fritzsch B, Signore M, Simeone A: Otx1 null mutant mice show partial
segregation of sensory epithelia comparable to lamprey ears. Dev Genes
Evol 2001, 211:388-96.
80. Lin Z, Cantos R, Patente M, Wu DK: Gbx2 is required for the
morphogenesis of the mouse inner ear: a downstream candidate of
hindbrain signaling. Development 2005, 132:2309-18.
81. Sanchez-Calderon H, Martin-Partido G, Hidalgo-Sanchez M: Differential
expression of Otx2, Gbx2, Pax2, and Fgf8 in the developing vestibular
and auditory sensory organs. Brain Res Bull 2002, 57:321-3.
82. Wu DK, Nunes FD, Choo D: Axial specification for sensory organs versus
non-sensory structures of the chicken inner ear. Development 1998,
125:11-20.
83. Kiernan AE, Nunes F, Wu DK, Fekete DM: The expression domain of two
related homeobox genes defines a compartment in the chicken inner
ear that may be involved in semicircular canal formation. Dev Biol 1997,
191:215-29.
Chatterjee et al. BMC Genetics 2010, 11:68
http://www.biomedcentral.com/1471-2156/11/68
Page 14 of 1584. Riccomagno MM, Martinu L, Mulheisen M, Wu DK, Epstein DJ: Specification
of the mammalian cochlea is dependent on Sonic hedgehog. Genes Dev
2002, 16:2365-78.
85. Vitelli F, Viola A, Morishima M, Pramparo T, Baldini A, Lindsay E: TBX1 is
required for inner ear morphogenesis. Hum Mol Genet 2003, 12:2041-8.
86. Raft S, Nowotschin S, Liao J, Morrow BE: Suppression of neural fate and
control of inner ear morphogenesis by Tbx1. Development 2004,
131:1801-12.
87. Puligilla C, Kelley MW: Building the world’s best hearing aid; regulation of
cell fate in the cochlea. Curr Opin Genet Dev 2009, 19:368-73.
88. Kelly MC, Chen P: Development of form and function in the mammalian
cochlea. Curr Opin Neurobiol 2009, 19:395-401.
89. Torres M, Giraldez F: The development of the vertebrate inner ear. Mech
Dev 1998, 71:5-21.
90. Frolenkov GI, Belyantseva IA, Friedman TB, Griffith AJ: Genetic insights into
the morphogenesis of inner ear hair cells. Nat Rev Genet 2004, 5:489-98.
91. Lawoko-Kerali G, Rivolta MN, Holley M: Expression of the transcription
factors GATA3 and Pax2 during development of the mammalian inner
ear. J Comp Neurol 2002, 442:378-91.
92. Matsuo I, Kuratani S, Kimura C, Takeda N, Aizawa S: Mouse Otx2 functions
in the formation and patterning of rostral head. Genes Dev 1995,
9:2646-58.
93. Acampora D, Avantaggiato V, Tuorto F, Barone P, Perera M, Choo D, Wu D,
Corte G, Simeone A: Differential transcriptional control as the major
molecular event in generating Otx1-/- and Otx2-/- divergent
phenotypes. Development 1999, 126:1417-26.
94. Choo D, Ward J, Reece A, Dou H, Lin Z, Greinwald J: Molecular
mechanisms underlying inner ear patterning defects in kreisler mutants.
Dev Biol 2006, 289:308-17.
95. Hadrys T, Braun T, Rinkwitz-Brandt S, Arnold HH, Bober E: Nkx 5-1 controls
semicircular canal formation in the mouse inner ear. Development 1998,
125:33-9.
96. Morasso MI, Grinberg A, Robinson G, Sargent TD, Mahon KA: Placental
failure in mice lacking the homeobox gene Dlx3. Proc Natl Acad Sci USA
1999, 96:162-7.
97. Satokata I, Maas R: Msx1 deficient mice exhibit cleft palate and
abnormalities of craniofacial and tooth development. Nat Genet 1994,
6:348-56.
98. Robledo RF, Lufkin T: Dlx5 and Dlx6 homeobox genes are required for
specification of the mammalian vestibular apparatus. Genesis 2006,
44:425-37.
99. Satokata I, Ma L, Ohshima H, Bei M, Woo I, Nishizawa K, Maeda T, Takano Y,
Uchiyama M, Heaney S, et al: Msx2 deficiency in mice causes pleiotropic
defects in bone growth and ectodermal organ formation. Nat Genet
2000, 24:391-5.
100. Zhang Z, Zhang X, Avniel WA, Song Y, Jones SM, Jones TA, Fermin C,
Chen Y: Malleal processus brevis is dispensable for normal hearing in
mice. Dev Dyn 2003, 227:69-77.
101. Chang W, Nunes FD, De Jesus-Escobar JM, Harland R, Wu DK: Ectopic
noggin blocks sensory and nonsensory organ morphogenesis in the
chicken inner ear. Dev Biol 1999, 216:369-81.
102. Funke B, Epstein JA, Kochilas LK, Lu MM, Pandita RK, Liao J, Bauerndistel R,
Schuler T, Schorle H, Brown MC, et al: Mice overexpressing genes from
the 22q11 region deleted in velo-cardio-facial syndrome/DiGeorge
syndrome have middle and inner ear defects. Hum Mol Genet 2001,
10:2549-56.
103. Jerome LA, Papaioannou VE: DiGeorge syndrome phenotype in mice
mutant for the T-box gene Tbx1. Nat Genet 2001, 27:286-91.
104. Piotrowski T, Ahn DG, Schilling TF, Nair S, Ruvinsky I, Geisler R, Rauch GJ,
Haffter P, Zon LI, Zhou Y, et al: The zebrafish van gogh mutation disrupts
tbx1, which is involved in the DiGeorge deletion syndrome in humans.
Development 2003, 130:5043-52.
105. Matei V, Pauley S, Kaing S, Rowitch D, Beisel KW, Morris K, Feng F, Jones K,
Lee J, Fritzsch B: Smaller inner ear sensory epithelia in Neurog 1 null
mice are related to earlier hair cell cycle exit. Dev Dyn 2005, 234:633-50.
106. Kim WY, Fritzsch B, Serls A, Bakel LA, Huang EJ, Reichardt LF, Barth DS,
Lee JE: NeuroD-null mice are deaf due to a severe loss of the inner ear
sensory neurons during development. Development 2001, 128:417-26.
107. Kawauchi S, Beites CL, Crocker CE, Wu HH, Bonnin A, Murray R, Calof AL:
Molecular signals regulating proliferation of stem and progenitor cells in
mouse olfactory epithelium. Dev Neurosci 2004, 26:166-80.
108. Fritzsch B, Tessarollo L, Coppola E, Reichardt LF: Neurotrophins in the ear:
their roles in sensory neuron survival and fiber guidance. Prog Brain Res
2004, 146:265-78.
109. Karis A, Pata I, van Doorninck JH, Grosveld F, CI de Zeeuw, de Caprona D,
Fritzsch B: Transcription factor GATA-3 alters pathway selection of
olivocochlear neurons and affects morphogenesis of the ear. J Comp
Neurol 2001, 429:615-30.
110. Liu W, Li G, Chien JS, Raft S, Zhang H, Chiang C, Frenz DA: Sonic
hedgehog regulates otic capsule chondrogenesis and inner ear
development in the mouse embryo. Dev Biol 2002, 248:240-50.
111. Chizhikov VV, Millen KJ: Roof plate-dependent patterning of the
vertebrate dorsal central nervous system. Dev Biol 2005, 277:287-95.
112. Wilson L, Maden M: The mechanisms of dorsoventral patterning in the
vertebrate neural tube. Dev Biol 2005, 282:1-13.
113. Marcelle C, Stark MR, Bronner-Fraser M: Coordinate actions of BMPs Wnts,
Shh and noggin mediate patterning of the dorsal somite. Development
1997, 124:3955-63.
114. Loomis CA, Kimmel RA, Tong CX, Michaud J, Joyner AL: Analysis of the
genetic pathway leading to formation of ectopic apical ectodermal
ridges in mouse Engrailed-1 mutant limbs. Development 1998,
125:1137-48.
115. Parr BA, McMahon AP: Dorsalizing signal Wnt-7a required for normal
polarity of D-V and A-P axes of mouse limb. Nature 1995, 374:350-3.
116. Morsli H, Choo D, Ryan A, Johnson R, Wu DK: Development of the mouse
inner ear and origin of its sensory organs. J Neurosci 1998, 18:3327-35.
117. Gerlach LM, Hutson MR, Germiller JA, Nguyen-Luu D, Victor JC, Barald KF:
Addition of the BMP4 antagonist noggin, disrupts avian inner ear
development. Development 2000, 127:45-54.
118. Liu W, Oh SH, Kang Yk Y, Li G, Doan TM, Little M, Li L, Ahn K, Crenshaw EB,
Frenz DA: Bone morphogenetic protein 4 (BMP4): a regulator of capsule
chondrogenesis in the developing mouse inner ear. Dev Dyn 2003,
226:427-38.
119. Tribulo C, Aybar MJ, Nguyen VH, Mullins MC, Mayor R: Regulation of Msx
genes by a Bmp gradient is essential for neural crest specification.
Development 2003, 130:6441-52.
120. Trumpp A, Depew MJ, Rubenstein JL, Bishop JM, Martin GR: Cre-mediated
gene inactivation demonstrates that FGF8 is required for cell survival
and patterning of the first branchial arch. Genes Dev 1999, 13:3136-48.
121. Tucker AS, Al Khamis A, Sharpe PT: Interactions between Bmp-4 and Msx-
1 act to restrict gene expression to odontogenic mesenchyme. Dev Dyn
1998, 212:533-9.
122. Vainio S, Karavanova I, Jowett A, Thesleff I: Identification of BMP-4 as a
signal mediating secondary induction between epithelial and
mesenchymal tissues during early tooth development. Cell 1993,
75:45-58.
123. Shigetani Y, Nobusada Y, Kuratani S: Ectodermally derived FGF8 defines
the maxillomandibular region in the early chick embryo: epithelial-
mesenchymal interactions in the specification of the craniofacial
ectomesenchyme. Dev Biol 2000, 228:73-85.
124. Bei M, Maas R: FGFs and BMP4 induce both Msx1-independent and
Msx1-dependent signaling pathways in early tooth development.
Development 1998, 125:4325-33.
125. Bok J, Bronner-Fraser M, Wu DK: Role of the hindbrain in dorsoventral but
not anteroposterior axial specification of the inner ear. Development
2005, 132:2115-24.
126. Sajan SA, Warchol ME, Lovett M: Toward a systems biology of mouse
inner ear organogenesis: gene expression pathways patterns and
network analysis. Genetics 2007, 177:631-53.
127. Weston MD, Pierce ML, Rocha-Sanchez S, Beisel KW, Soukup GA: MicroRNA
gene expression in the mouse inner ear. Brain Res 2006, 1111:95-104.
128. Friedman LM, Dror AA, Mor E, Tenne T, Toren G, Satoh T, Biesemeier DJ,
Shomron N, Fekete DM, Hornstein E, et al: MicroRNAs are essential for
development and function of inner ear hair cells in vertebrates. Proc Natl
Acad Sci USA 2009, 106:7915-20.
doi:10.1186/1471-2156-11-68
Cite this article as: Chatterjee et al.: A symphony of inner ear
developmental control genes. BMC Genetics 2010 11:68.
Chatterjee et al. BMC Genetics 2010, 11:68
http://www.biomedcentral.com/1471-2156/11/68
Page 15 of 15